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INTRODUCTION

We have been investigating the properties of seismic surface
waves with the ultimate goal of using these waves to determine the
mechanism and depth of the source. This information will be useful
to discriminate explosions from earthquakes. To date, the major
thrust of the research has been to investigate the effect of the
propagation path on the surface wave. If the path effects cannot be
removed from the observed signal then little information concerning
the source can be determined.

We have examined the surface waves from two mid-Atlantic ridge
earthquakes. These earthquakes, 2 June 1965 and 19 June 1970, have
previously been well characterized by their Rayleigh wave signals
(Weidner and Aki, 1973, J. Geophy. Res, 78, 1818.). In the present

study, we mainly investigate the Love wave properties. The N-5 and

E-W long period records from a total of 35 WWSSN stations were digitized

and the Love waves were separated fram the horizontal Rayleigh wave
by rotating the coordinate system to radial and transverse. These
surface waves could then be processed in a computer. Our major con-
clusions are based on three types of information: 1) short period

surface waves, 2) long period surface waves, 3) general properties.
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SHORT PERIOD SURFACLE WAVES

Depth resolution tor depths shallower than 10 km is dependent
on surface waves analyses for periods shorter than about 20 sec. It
is therefore important to understand how the propagation path can
affect short period surface waves. We have made the following ob-
servations concerning short period surface waves:
1. Love waves are dispersive for periods shorter than about 20 sec.
This dispersion coincides with the short period Rayleigh wave disper-
sion. However, the Rayleigh wave dispersion can result from the presence
of the water layer as the Love wave propagation should be insensitive to
this. Ve carefully analyzed the wave train to be sure that the transverse
component had nct been contaminated with the Rayleigh wave signal., The
Love wave signal was correlated with and orthogonalized with respect to
the herizontal Rayleigh wave signal. The dispersed wave train persisted
and we conclude that it is » property of the Love wave..
2. The spectral amplitude shape of Love waves (which is largely control-
leé by the short period amplitudes) is highly variable from station
to station. While it is difficult to predict the excitation ampli-
tules due to the dependence on details of the source medium model, we
2an conclude tnat there should be no azimuthal dependence of spectral
shzpa.  Thug, the obecerved variations must be due to path effects.

These Love wave properties were synthesized with various short

period Rayleigh wave properties to derive conclusions about the
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propagation path. The sediments along the path appear to be res-
ponsible for most of the short period observations. While these
interpretations pertain to an oceanic path, they would be equally valid

. for any surface wave path which contained significant amounts of un-

e b M S gl L b~

consolidated sediments,

Attached as Appendix A is a manuieript specifically addressing
the effect of these sediments. The surface wave (Love or Rayleigh)
with a period equal to 4H/B (where H is sediment thickness and 8 is

shear velocity) is strongly perturbed by the sediment layer. The

surfa: @ wave becomes quite dispersed in the neighborhood of this period
with a new higher mode branch being introduced at shorter periods.

The eigenfunctions (of stress and displacement) became significantly
distorted with a large percentage of the energy trapped in the sed-
iment layer. Thus, the short period surface wave can be lost in transit
due either to viscous attenuation in the sediment layer or to scattering
fror an impedance barrier, The models and observations which lead to

these conclusicns are discussed in detail in the Appendix.

LOLG PERIOD SURFACE WAVES

While analyses of short period surface waves help resolve the
depths of shallow sources, the long period surface wave can aid in

determining whether or not the source is shallow. Furthermore, the




longer periods are less eroded by surtficial patn properties (like

the sediments). Thus, while the resolution is reducea, the chance of
seeing any source affect is greatly improved by studying the long per-
iod surface wave. 1In a previous study Weidner and Aki (J. Geophys.
Res. 78, 1818, 1973) conciuded that Rayleigh wave phase could be used
to determine focal depths even in the absence of short period waves.
In order to deduce the phase of the source, the phase delay of the
path riust be accurately known. The path delay can be calculated 1f
the velocity and density structure of the medium is known. A
significant piece of information which can be used to deduce path
properties is the Love wave phase velocity. In many instances Love
wave phase velocity may be easier to determine than Rayleigh wave
phase velocity since both require a knovledge of the sourve phase and
the Love wave source phase is much more independent of focal depth
tzan the Rayleigh wave source phase. Thus, a potential approach to
deternining focal depth would be to first determine the Love wave focal
prnase, then the Love wave phase velocity. Next one wouldcalculate
the medium structure and Rayleigh wave phase velocity. Finally

the path phase delay cculd be removed from the obgserved Rayleigh wave
phase to determine the focal pnase of the Rayleigh wave, This
information could then be used to determine focal depth. The pro-
pagationof errors along with assumptions regarding isotropy are prob-

ably too large for unambiguous results. Nevertheless, restrictions
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may be pcssible--we are currently pursuing this type of approach to
a limited extent. We have calcuated the Love wave phase velocity

for the paths studied. We find that identical isotropic structural
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models describe both the Love wave and Rayleigh wave dispersion for
many paths. We must now investigate the paths that do not presently
appear to have a structure which is compatible with both data. Part
of the problem may just be sensitivity to the properties st different
depths for the different wave types., Further insight may be gained
by studying the resolution kernals for the individual waves as well

as a combined data set.

GENERAL PRCPERTIES

A AR AL A

Since the Love wave eigenfunctions for the medium studied vary
only small amounts with period and depth over a broad depth range, the

Love waves will not by themselves be useful in determining focal depth.

Thus, Love waves may at best be wused for a standard with respect to

R

which the Rayleigh waves can be compared, We have already discussed

the potential use of Love waves to aid in finding the Rayleigh wave

TR T

source phase. Another aspect would be to use Love wave amplitudes to i

A

determine the Rayleigh wave source amplitude. There are two con-

plementary methods of viewing the Rayleigh wave amplitudes which uare
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useful in defining focal depth. The first is viewing the ampli-

tude as a function of frequency at a particular station. USource

depth will be manifest as nodes or large amplitudes for various fre-
quencies, The major problem is to be sure that the path attenuation

is not dominating the amplitude spectrum. The second is tc view the
amplitudes as a function of azimuth. Here one must be concerned

that lateral variations in the path properties do not dominate the
source effects. In both cages, it is possible to use the Love wave
amplitudes tc reflect path properties. Our analyses suggest that

the Love waves may be plagued with medium properties which diff'erently
affect the Rayleigh waves. The most serious pertain to the first

type of depth analysis. We have calculated the excitation of Love
vaves with frequency. We find that the spectral shape of the Love

wave is domirated by the detailed model of the low velocity zone

and sediment cover in the scurce area, These two factors are difficult
to know to the accuracy required. Thus, simply taking the ratio of
observed Love to Rayleigh amplitude as a function of frequency may bear
mere on the source structure (through the Love wave) than on the focal
depth (through the Rayleigh wave),. Furthermore, sediments on the path
will have somewhat different effects on the two wave types. Com-
paring the amplitudes of Love and Rayleigh waves as a functicu of both
azimuth and frequency may be more useful. ''he excited Love wave ampli-
tude depends on the source mediuyg structure but the frequency dependence
of the amplitude should be the same for all azimuths. Thus, by ob-
serving the lateral variations of the Love wave amplitudes, we may be
able to separate the effects of path lateral variations fram the rad-

iation pattern of Rayleigh waves.
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Appendix A

The Effect of Oceanic Sediments on

Surface Wave Propagation

Abstract.

Several characteristics of oceanic surface waves can be altered by the
presence of low rigidity sediments along the propagation path. Love and
Rayleigh waves from mid-Atlantic ridge earthquakes bear many effects of
oceanic sediments. The general absence of these surface waves for periods
shorter than about 15 seconds can be attributed to either attenuation
or scattering in thin sediments. Thin sediments also disperse short per-
jod Love waves. Sediments whose thickness exceeds about two kilometers
are responsible for removing surface wave energy with periods up to 4o sec-
ornds. These sediments also alter the particle motion of Rayleigh waves
and are responsible for & complicated dispersion relation. These thick
sediments substantially reduce the surface wave phase velcecity 4t periods

in excess of 100 seconds.




The Effect of Oceanic Sediments on

Surface Wave Propagation

Introduction.

Several reatures of observed surface waves can be used to deduce source
and path properties. Tsai and Aki (1970) deduced focal depth from the amplitude
svectral shape of Love and Rayleigh waves. Mendiguren (1971) was able to deter-
nine focal depth from the radiation pattern of Love and Ravleigh waves. Veidner
and Aki {1973) found that Rayleigh wave rhase could be used to constrain focal
depth. Oceanic uppver mantle structures have been deduced from single station
phase velocity determinations by Weidner (197%), Leeds et 8l., (1974) and Forsyth
(1973).

These types of studies assume that the observed surface wave character has
not been significantly altered by indeterminate path properties which are un-
related to the investigated property. The physical properties of oceanic sed-
irents are largely unkncwn yet they are ubiquitous in ocean enviromments. In
T2is paper, the nature and magnitude of the effects of sediments on surtace
wave propagetion is estimated. Theoretical calculations are compered with ob-
servations of both Love and Rayleigh waves in the Atlantic Ocean. Ve conclude
that thin sediments control the short period amplitudes while thick sediments

scverely affect the dispersion to very long periods.
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Analytical Models

The presence of a low-rigidity sediment layer in an oceanic, velocity-
density structure will strongly control many aspects of the surface wave
character. Several features inherent to surface waves for a single low-rigidity
layer over a half-space are directly related to similar features of a rore comn-
DPlicated layered half-space with a superficial water layer. Several authors have
aralvtically studied a variety of simple models appropriate to the discussions
(Tazime, 1958, 1959, 1962; Ohta, 1962; and Mooney and Bolt, 1966). In the
first of these papers Tazime (1958) investigated the nature of the Ml and MQ
branches of the Rayleigh wave equation for & plate as the Poisson's ratio approach-
ed 0.5 (liquid case). He found that the fundamental mode of each branch did not
uniformly approach the fundamental modes for a liquid plate. Instead, the fund-
amental modes of the liquid plate must be constructed from a superposition of the
fundamental and higher modes of the solid. These branches of the wave equaticn
for rlates can be related to Rayleigh waves for a layer on a half-space (Ewing,

Jandetzky and Press, 1957). In a similar fashion, as the shear modulus of a

surfece layer approaches zero, the fundamental Rayleigh wave does not approach

ot

rat of a liguid layer overlying a half space. Again, the fundemental and higher
rodes must be superposed (Tazime, 1962). Figure 1 (from Tazime, 1962) illustrates
this peint. The solid curves are group velocities for Poisson's ratio, 0, in

the layer of 0.U8. The chain curves are for ¢ =0.5.

Another interesting feature of the Rayleigh wave for a low rigidity layer

over a half-space concerns the particle motion. Ohta (1962) points out that the

11
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surface particle motion for the fundamental mode changes from retrograde to

prograde and then to retrograde as period decreases. The frequency extent of 1

the prograde region depends on the layer thickness and shear velocity. In

addition, the vertical displacement for some frequencies has a zero crossing

Ky
5
'
E
k'

with depth. These features are generally associated with higher modes. How-
ever, the fundamental mode phase velocity is always lower than that of the
higher mode in these cases. The higher modes may have retrograde surface
motion and no zerc crossings in the vertical displacement.

Mooney and Boit (1966) suggest that the surface wave character depends
mainly on the parameter fT/H, where B is the shear velocity of the low-

rigidity layer, H is its thickness and T is period. Tazime (1962) finds large

WL " 4 T TN ey S . R T RN e ey

effects of the sediments on the surface wave dispersicn and eigenfunctions

4
L

for TR/H = L/(2m+1l) and Ta/H = 4/(2mt+1l), where o is the compressional velocity.
These periods correspond to internal reflections in the low rigidity layer of &

and P waves (Sykes and Oliver, 196hka). In Figure 1 the minimum for the group
velocity of the fundamental mode corresponds to TR/H - U since %—2 5. 1In add-
ition, this period of minimum group velocity is longer than the cut-off period

of the first higher mode. The phase velocities corresponding to the group velocit-
ies of Figure 1 are presented in Figure 2. These are also from Tazime (1962) and
the different m correspond to the dispersion of love waves when u,a/ul become

infinitely large. As we can see, the Rayleigh modes approach these curves.
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Effect of sediments on surface wave dispersion.

We have analvzed the Rayleigh waves from four mid-Atlantic ridge earth-
quakes and the Love waves from two of the events at several circum-Atlantic
stationz. The location of the ewents and other relevant information is given in
Table 1 with a map in Figure 3. A map showing the sediment thickness in the
North Atlantic is given in Figure I (Ewing et al., 1973).

The paths to TRV have & large portion of thick sediments. Yeidner (197h4)
concluded that the Rayleigh wave phase velocity to stations around the Carib-
bean Sea was consistent with a sediment shear velocity of .5 kr/sec. The sed-
:rents close to TBN for the path from event pair I are about 5 km. thick. These
—alues suggest strong effects of the sediments for surface waves with 40 sec.
periods. The theoretical Rayleigh wave dispersion for such a structure are
illustrated in Figure 5. The phase and group velocity decrease sharply as the

pericd decreases towards 40 sec. At shorter periods, the first shear mode

exists and its group velocity initially increases sharply with decreasing period.

We compare this phenomena with the observed group velocity obtained with the

technique of Dziewonski et al., (1969) in Figure 7 where the observations for TR

and CAR for events 1 and 2 are illustrated. The contours represent equal energy

levels. There is a very strong suggestion of an inversely dispersed branch
arrival with the characteristic of the theoretical curves in Figure 5. These
can be contrasted with more typical observations of BEC and BLA in Figure 6.
The surface waves for other Cariggean stations (BHP, LPS) for both event pairs

have a character similar to TRN and CAR for both Love and Rayleigh waves.
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Another feature of the Rayleigh wave for the final ocean model to TRN
is the presence of only prograde surface motion for all modes depicted in Figure
5 between the periods 28 to 40 sec. In Figure 8 are shown the observed difference
between the phase of the vertical and horizontal components for three of the
events at TRN. There is a consistent shift in the phase difference at about .025
Hz (40 sec). At longer periods the phase difference is close to m/2, indicating
retrograde motion. Relating the theoretical value to the observed value is com-
plicated by the presence of more than one mode. If a single mode is not isolated
interference from the other mode can result. The observed relative phase shift
at L0 seec, suggest that effects of the prograde motion are present, but the sig-
ral may be contaminated by higher modes. Other observations of this phase dif-
Terence are often less clear than for TRN. The effect of lateral variations on
these observations is difficult to describe. In addition, the surface wave par-
ticle motion should reflect the structure very close to the station. Thus, the
type of phase shift that we suggest is present at TRN may not always be expected
If the lccal sediment thickness is not uniform.

The group velocities for Love waves can be deduced from the enerqgy con-
tours in Figure 9 for some representative stations. Indeed, the Love waves are
also dispersive at short periods. However, only the sedimentary layer can be
responsible for this dispersion. These observations could result from con-

tamination of the Love wave with horizontal Rayleigh waves by multi-path
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Rayleigh wave propagation or simply an erroneous coordinate rotation of

the seismogram. We have calculated the correlation coefficient of the Love

and horizontal Rayleigh wave trains and parts of the wave trains. We then

rotated the coordinate system to minimize the correlation and removed the

dependent portion from the Love wave signal with a Grahm-Schmidt technique.

In all instances the dispersive nature of the Love wave remained. We thus

conclude that the Love waves are dispersive and that the sediments are re-

sponsible. The coincidence in shape of the dispersion for Love and Rayleigh

waves along with the absence of the Airy phase for recorded Rayleigh waves

suggests that the sediments and not the water are controlling the short period

Rayleigh wave dispersion.

Effect of sediments on surface wave amplitudes.

The arplitudes of Rayleigh waves from mid-ocean ridge earthquakes are
gererally low for periods shorter than 15 sec. This observation led Tsal (1969)
to conclude thet ocean ridge normal faulting events must be very deep (L45-65 km)
since shallow dip-slip events efficiently excite these short periods. The strilke-
slip events, on the other hand, could be shallow since the amplitude spectrum has
a node at short periods. Weidner and Aki (1973) concluded that the four mid-
Atlantic ridge earthquakes of Table 1 were shallow. The conclusion was primarily
based on phase information.

The Rayleigh wave amplitudes for these events as a function of frequency for
some stations are ccmpared with the theoretical values in Figures 10 and 11. Here

the displacement spectral density of the unfiltered record are displayed.
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Corrections for Instrument and geometrical spreading have bLeen included. The
high frequencies are not observed for the dip-slip events (events 1 and 3) even
though they should have been generated. The amplitudes for the strike-slip
events often dc not agree at short periods, but small variations in the focal
properties would correct this. Of the observations illustrated in Figures 10 and
11, BEC recorded the largest amplitude ratio of high frequency to low with

ATL and BLA intermediate and BHP and CAR lowest.

The amplitudes of Love waves are compared with the theoretical values in
_igufe 12. The thecretical values are for the fundamental mode assuming that the
rediur can be described by the normal ocean basin of Weidner (1974). The fre-
quercy dependence of the thecretical amplitude is very sensitive to small changes
ir tne medium structure. Even though the frequency dependence of the source
arplitude is uncertain, it should te the same for all stations and events studied
here. The lateral variations in the observed Love wave spectral shape must be
attributed to path effects. The reliability of each observation can be made
by comparing the Love waves from the two events at the same stations since the
path should be the same. The observations in Figure 12 indicate a progressive
erosion of high freaquencies proceeding from BEC to ATL to BHP. The coincidence
of ercded high frequency Love waves with similar features of the Rayleigh waves
sugeests that the spectral shape of both types of waves is a path effect.

Analyses of the Rayleigh waves for cross-Atlantic paths reveal that the
shor® periods are lost in transit. Relevant maps for the paths analyzed are

shown in Figures 13 and 1k. 'For each of the four events, the Rayleigh waves

16
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recorded at two stations along a great circle path were examined. The Ray~-
leigh wave amplitudes are shown in Figure 15. It is very clear that the am-
plitudes at short periods were lost between the stations. We conclude

that the low amplitudes for short-period Rayleigh waves from mid-ocean

ridge earthguakes do not contradict shallow focal depths.

We suggest that sediments may be responsible for the loss of short-
period surface waves. The mechanism can be either attenuation related to
the low Q of sediments or reflection due to the change in the displacement
and stress eigenfunctions as the sediment thickness and prcperties change.

We have investigated the effect of various thicknesses and shear
velocities of a sedimentary layer on the surface wave. "he cruct and upper
mantle is described by the normal ocean basin model (Weidner, 19Th). As
discussed earlier, the surface wave is affected for periods in the neighbor-
hood of To where

L=
(o]

b

B

I being thickness of sedinents with shear velocity, B. Sediment models
with TO = 10,15 and 30 sec are examined. The models are described in Table
2. The group and phase velocities for these models are illustrated in
Figures 16 and 17 for Rayleigh and Love waves. These curves were generated
numerically and it was not always pessible to follow a single mode, since

neither polarization nor the number of zero crossings of the cigenfunctions

can be used ag diagnostics.
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The depth dependence of the Rayleigh wave vertical displacement eigen-
functions is shown in Figure 18 for several periods. The eigenfunction
for the 17 sec period is representative of the sediment free case. The dis-
placement eigenfunction for Love waves is illustrated in Figure 19. The
sediuents have very significant effects. There are nc Rayleighwaves in the
reriod range 15.5 to 16.3 sec that have eigenfunctions resembling the sedi-
ment free case. Thus the surface waves in this period range will exper-
ience a large impedance mismatch when they travel from a sediment-iree re-
gion with sediments described by this model. The breadth of the period
range where the sediments alter the eigenfunci.on appears to be larger for
Love waves than ror Rayleigh waves.

todels I, III and IV give rise to similar variations in the eigen-
functions for periods close to the critical period. In general, the eigen-
functions are significantly altered relative tc the sediment free eigen-
furctions in the same period range where the group or phase velocities
devizte from those cf the simple model.

Assunirg that the heterogeneous medium can be described by two infinite
laterally homogeneous quarter spaces in contact, an impedance mismatch will
result if the stress and displacement distributions are different for the
two structures. The band width of the Rayleigh wave which is severely

affected by the sediments does riot exceed 1 sec for the models considered.

Yrom equation 1, the eigenfunctions for a given period will be affected by the sed-

iments of thickness Ho + gn The total thickness variation which will affect a

18
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given period cannot exceed 10-100 meters. As can be seen in the isopach
map in Figure 7, small variations in sediment thickness is accomplished

over a very short distance for the deeper sediments and somewhat longer

distances for shallow sediments. For the above assumptions to be valid,
the width of the region affecting a given period Rayleigh wave must be
large compared with the wavelength. Indeed, this assumption is not valid
for most periods. For 15 sec waves, the wavelength is about 60 km, while
the wavelength of 10 sec waves is only 20 km. An impedance mismatch
should be more effective in eliminating the short periods than the longer
rericds. Ve conclude that it may be possible to scatter short-period
waves and transmit long-period waves into higher modes as observed at TRN.
Since the affected bandwidth for Love waves is longer, this mechanism will
be more effective in removing Love waves than Rayleigh wéves. '.
The absence of short-period surface waves may also be attributable to

attenuation associated with low Q sediments. The effective quality factor

of Rayleigh waves, QR’ can be related to the quality factor for shear waves

b L At

of a layer, QS, by the relation

1
[

=qg-lBdc 4  B20a3c
QR - Qs [c 3B s ( a ) c Ba] (2)

LECER

where £ is shear velocity, a is compressional velocity and the partial

derivatives are defined for a uniform layer (Anderson et al., 1965). Then

Ml i | o

the amplitude at distance x is given as
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where T is period and U is group velocity. Similarly the quality factor

for Love waves is given by

s (4)

-1 -1 B 3¢
c 9B

Using a computer program of Saito (Saito, 1967), we calculated the partial
derivatives for the sediment models of Table 2. The ratio A/Ao for models
I, I and IV are giveun in Figures 20 and 21.for various values of x/QS, We
used the surface wave modes that most nearly approximate the modes of a
sediment-free ocean for these calculations. When a lower mode exists, it
nas much more energy in the sediments and is attenuated faster. The cal-
culations may not be precise at the period critically disturbed by the sed-
iments since the eigenfunctions will vary considerably with small changes
in properties.

Models I and IV have the same shear velocities and their corresponding
To's are on different sides of the Rayleigh wave Airy phase. The model
with TO on the short period side of the Airy phase is much more effective
ir atteruating the Rayleigh wave. In addition the period range affected
is broader. This observation suggests that the short periods can be at-
tenuated more effectively than the longer periods for a given sediment
s

shear velocity. Next compare models I and II. Here the To's are the same

only the thicknesz and shear velocity are changed. Thicker sediments are
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much more effective in removing the short periods. The energy loss for
Love waves appears to depend mainly on the sediment thickness.

There is strong evidence that suggests that the QS of sediments is of the
order of 10-20. Kudo and Shima (1970) measured the attenuation of shear
waves in soilin situtodepths of 40 meters. They found that the QS was fairly
frequency-independent between 30 and 80 Hz with indications of decreasing QS
with decreasing frequency. For different soils, the value of QS ranged from
5 to 20. Tullos and Reid (1969) measured the attenuation of P=waves in sedi-
ments i&_g}&g to depths of 1000 feet. The Q for P waves ranged between TO
and 200 for 50-400 Hz. The resulting QS is equal to %-Qp (5)2 if the loss
A mechanism is due to shear only. Boore and Warrick (1972) reported o sediment
QS from short-period Rayleigh waves in the San Francisco Bay of 10-25.

The ratio of shear velocity to sediment thickness appeurs to be a

dominating variable. Reported sediment shear velocities range from .05 to 0.7

km/sec. Sykes and Oliver (196L4b) modeled the sediments in the Argentine
Rasin with a shear velocity of .2 to .4 km/sec in the upper 1/2 km and .5 to

.7 km/sec below this layer form Love and Rayleigh dispersion. Anderson

R e T s e R, T e w e e e

and Latham (1969) concluded, from observations of the first shear mode,
that the average shear velocity for 150-meter thick sediment layers in

the Atlantic was .0T5 km/sec. Davies (1965), using Stonelcy waves, obtained

pi gt
Nk T S i

shear velocities increasing from .05 to .19 km/sec in the upper L6
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meters of sediments in the Indian ocean. Hamilton et al., (1970) est-

imated shear velocities of .1 tc .2 km/sec from Stonely waves., SH wave
velocities obtained by Kudo and Shima (1970) for soil range between .1 and
.4 km/sec. These values may be applicable to saturated sediments as Nur
and Simmons (1969) have shown that the presence of water does not affect the
shear velocities in rocks. These measurements are consistent with the values
of shear velocities that we use in our models. Furthermore, *the low Q
for the sediments along with the curves in Figures 20 and 21 suggest that
attenuation will be a significant factor in removing the short period suriace
waves.

The short-period surface wave amplitudes for four mid-Atlantic ridge
earthquakes can be compared with the theoretical values in Figures 10-~12.
“he shert period Rayleigh waves recorded at BEC for the pair I events both
exhibit a minimum in the amplitude at about .08 Hz with more energy at both
longer and shorter periods. The 16 November 1965 recording at BEC is typ-
ical of nmost observations in that it does not indicate the increase in energy
at the high frequencies. On the other hand, the 1T May 1964 event does not,
lack energy at these short periods. Surface waves from pair I events travel

a zZreat distance with very thin sediments and then the sediments thicken

rother quickly (Pigure b). The 16 November 1965 path indicates a more gradual

intresse in sediment thickness over the entire path while the path from 17 May

1564 hac a very sharp increase in Lhickness quite close to the event. As we
have suggested, the path with the most gradual increase in sediment thickness

(16 November 1965) has lost the high frequencies over the widest bandwidth.
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The pair I event with the thin sediment layer lost energy over a narrower
bandwidth. On the other hand, the waves from 17 May 1964, which experienced
virtually no sediments thinner than 200 m, does not appear to have lost any
high frequencies. The contours of the energy arrivals at short periods at RBEC
for the two events of pair II are given in Figure 22. The 16 November 1965
has a very well defined region where the group velocity is very steep. The
1T May 1964 record does not indicate this portion of the curve. Instead
these short-periods are arriving at a much faster group velocity. We
conclude that Rayleigh waves were able to transform from the fundamental
mode to the first shear mode since the sediment thickness changed so rapidly
along this path.

Three types of sediment regions can be defined with differing effective-
ness of each mechanism in eliminating the high frequencies. The first region
has a very flat sedimentary layer where the thickness varies quite slowly
over several wavelengths. Reflection will not be very effective with the
major loss of energy at periods in the neighborhood of To' If the sediments
are tnick, then the band width of the attenuated energy will be large extending
from TO to shorter periods. If TO is less than the period of the Rayleigh
wave Airy phase, the bandwidth will again be large. Rayleigh waves will be
more ceverly affected than Love waves.

The second region is one where the sediments increase in thickness

more rapidly over several wavelengths. In such a case, the eigenfunctions

do change suddenly and the length of path with anomalous eigenfunctions is

23
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at least a few wavelengths. These conditions give rise to significant

loss of energy due to reflection. Attenuation will also be effective with )

the same characteristics described above. In this region short period
wove waves wili be more effectively removed than Rayleigh waves.

The third case 1s characterized by even larger changes in sediment
tiickness with distance. Now the higher modes are generated within a wave-
length of the region where the furdamental mode eigenfunctions change in
character., These higher modes exhiﬁit eigenfunctions very similar to the
normal fundamental mode and the energy can easily be transferred from one
to the other. In this medium, attenuation will not be important as the
previous cases since attenuation requires a reasonably long path with a
constant To'

Some waves travelled great distances through thick sediments. Such
stations include TRH, CAR, LPS, etc. In these cases, for all events,
the short periods have been eroded very effectively. This is consistent
with attenuation due to the thick sediments.

We can estimate the shear velocity of the sediments if we assume that

the corner frequency corresponds to To and knowing the sediment thickness

from the isopach map. The corner frequency for BEC does not significantly

differ from most of the observations in eastern U. G. (ATL, SHA, BLA). Thus, ]

it appears that mcst of the short periods are lost well cut in the ocean.

The sediment thickness, as indicated by the isopach map of Figure N Eaes

not exceed .5 km in this region. However, Lwing and Lwing (1959) have re-

ported refraction data indicating thicknesses of as much as 1 km east of




& b g

Bermuda. For a 1/2 km thickness, a corner frequency of 15 Sec would

correspond to a shear velocity of about .13 km/sec. As the sediments
thicken to the west of Bermuda, their shear velocities and Q may also in-
crease,

Short period fundamental mode Rayleigh waves have been observed in
the Pacific. Mendiguren (1971) reported large amplitudes for 13 sec
Rayleigh waves at GIE for a shock in the Nazca plate. Forsyth (personal
cormunication) observed large amplitudes at the same station for 12 sec
Rayleigh waves. These periods are shorter than those for most of the
Atlantic observations. The event occurred Oct. 12, 1964 on the east-Pacific
rise about 4000 km from GIE. Ewing et al. (1969) present an isopach
map of the south Pacific. The path to GIE from these events appears to
be reasonably devoid of sediments except very close to the station where

they may accumulate to .2 km thickness.
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Oceanic sediments can have & significant effect on the surface wave
character. Thick sediments such as in the Caribbean region can affect i

the Rayleigh wave phase velocity by as much as 0,06 km/sec for waves with

i e A R At e

& period of 100 sec (Weidner, 197h4). Such thick sediments can also alter

the sense of ground motion and intrcduce higher mode Love and Rayleigh

EEu
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waves of periods as long as 40 seconds. These thick sediments trap the

surface wave energy and are capable of efficiently removing high Trequencies

i it ol oalien ol B T e o B e ST i R A e e e

by attenuation. In addition the high frequencies may be scattered as the

sediment thickness varies.

=

i .
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Thin sediments appear to be responsible for the general absence of
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short period surface waves from mid-Atlantic ridge earthquakes. The loss
may be either due to attenuation or an impedance barrier to high frequen-
cies due to sediment thickness changes, These sediments disperse short

period Love waves and are probably responsible for the short period Rayleigh

wave dispersion.

The surface wave whose period is &E is most severly affected by the

B

sedirents. The affect is generally manifest by very small group velocities,

most of the energy trapped in the sediment layer, considerably distorted

depth dependence of displacement and stress, and the introduction of a

Y
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higher mode of branch at shorter period. The character of the higher mode

branch approaches that of the undisturbed fundamental mode as period decreases

% further. The band width where the surfsce wave is disturbed is generally
¢
%

larger for thicker sediments, larger (for Rayleigh waves) for periods
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shorter than the Airy phase, and larger for Love waves than Rayleigh

waves when the affected period is longer than the Airy phase.
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Number

II

III

Iv

Table 2 Sediment models

Thickness
(km)

0,1875
1.875
0.375

0.125

Shear
velocity
(km/sec )
0.05

0.5

0.05

0.05

15
15
30
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Figure Captions

Fiqure 1 Group velocity of the Rayleigh wave modes for a layer over a

half-space. The layer's Foisson ratio is 0.48, the half- space is
0.25. The densities are equal with a compressional velocity ratioc of 4.
The dashed line corresponds to a liquid over a half-space.

(Tazime,

1962). The numbers refer to different modes.

Figure 2 Phase velocities of Rayleigh wave for a layer over a half-space
same model as Figure 4.1. The "m" curves correspond to the dispersion

of Love waves when the shear modulous ratio of the layer and half-space
are infinite. (Tazime, 1962).

Figure 3 Locations of earthquakes and stations.

The curves are repre-
sentative great circle p-ths.

Figure 4 Sediment thickness in the North Atlantic. Contours are in 100s
of meters. (Ewing et. al., 1973).

————

Figure 5 Rayleigh wave phase and group velocity for a normal ocean basin
structure with 5 km of sediments whose shear velocity is 0.5 km/sec.

Figure 6 Equal energy contours of the vertical Rayleigh wave component as
a function of period and group velocity.

Figure 7 Equal energy contours of the vertical Rayleigh wave component as
a function of period and group velocity.

Figure 8 Phase difference between vertical and horizontal component of
the Rayleigh wave. The open circles are from the Fourier transform

of the entire record; the crosses are from the time variable filtered
record.

Figure 9 Equal energy contours of Love waves as a function of period and
group velicity.

Figure 10 Rayleigh wave displacement spectral density. The observed values
have been corrected for instrument and geometrical spreading. The
theoretical values are for the depths and mechanisms of table 1.

Figure 11 Rayleigh wave displacement spectral densitv. The observed values

have been corrected for instrument and geometrical spreading. The
theoretical values are for the depths and mechanisms of table 1.

Figure 12 Love wave displacement spectral density. The observed values
have been corrected for instrument and geometrical spreading. The
theoretical values are for the depths and mechanisms of table 1.
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Figure 13 Maps for cross-Atlantic paths. Triangles indicate event lo-
cations and circles give the station locations.

Figure 14 Cross-Atlantic paths. Triangles represent earthquakes and circles
are stations.

Figure 15 Rayleigh wave amplitudes for non-Atlantic earthquakes. Observed i
values have been corrected for instiument and geometrical spreading. K

Figure 16 Rayleigh wave phase and group velocities for different sediment models.

Figure 17 Love wave phase and group velocities for different sediment
models.

Figure 18 Rayleigh wave vertical displacement eigenfunctions for sediment
model 2 of table 2 at different periods. The values are normalized to
unity at the surface.

Figure 19 Love wave displacement eigenfunctions for sediment model 2 of table
2 and different periods and for a sediment free case. The values are nor-
malized to unity at the sediment surface.

E Figure 20 Predicted ratio of observed to excited Rayleigh wave amplitude
for different sediment models and values of x/Q when x is the propagation
E distance in kilometers and Q is the shear wave quality factor.

Figure 21 Predicted ratio of observed to excited Love wave amplitude for
different sediment models and values of x/Q where x is the propagation
distance 1n kilometers and Q is the shear wave quality factor. The
curves correspond to x/Q0 = 10 and 100.

Figure 22 Equal energy contours of the BEC records viewed in the period vs.
group velocity plane.
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